A three-dimensional horizontal axis wind turbine model was experimentally and numerically studied. The experiment was carried out in a laboratory wind tunnel. With PIV measurement, details about flow fields around the blade in varied rotating speed and wind speed were obtained. Furthermore, the experimental result was compared with CFD simulation in order to study the flow fields in more detail, especially the graphs of the velocity vector under different operating conditions. When λ≥7.4, the test torques and C P accord well with the calculated values; When λ<7.4, both are lower than that numerical results. The distributions of velocity vector of several sections at different radial positions are acquired through PIV technique. When λ=4, there are obvious flow separations on sections S1 and S2, which locate closer to the root of the blade; however only section S1 has separate field through calculation. When λ=9.8, neither PIV nor CFD result shows there is any separated flow around the blade.
Introduction
The studies of aerodynamic performance of wind turbine have made outstanding contributions to the modern wind power utilization. Validated engineering rules are correspondingly being applied to most of the unsolved problems on wind turbine aerodynamics, But they are only applicable in a quite limited scope, it is badly needed to use physical mechanism and physical model to replace these engineering rules. For this reason, many wind turbine aerodynamic institutions increasingly turn to basic researches. Based on the controllable experiment conditions, the thought "Returned to the Basic Research" exists in a lot of rotor research programs [1] .
Whether in research or design process, it is of particularly important significance to accurately estimate the power output of wind turbine rotor blade [2] . To estimate the aerodynamics of the wind turbine rotor blade accurately, many methods are adopted by researchers including BEMT with 3-D Stall-delay model, lift line/surface methods based on vortex system theory and CFD method based on NS equation. All these methods need well understanding about the details of flow field around the rotor blade. Meanwhile the detailed flow field structure around the rotor blade determines the wind turbine rotor aerodynamic performance; it also has a direct impact on the utilization rate, structure dynamic characteristics and blade load distribution and noise of the wind turbine. As a result, it is necessary to use a variety of means to study the flow field around the rotor blade.
Numerical simulation researches of the flow field on NREL VI rotor blade were first carried out by N. N. Sørensen, J. A. Michelsen S. Schreck [3] . By using PIV technology, Hiroyuki Hirahara measured the flow field of the inflow, blade tip and the wake of a miniature wind turbine in the wind tunnel closed section [4] . Hu Danmei and Du Chaohui measured the near-wake velocity field of a HAWT model over a range of tip speed ratio, adopting PIV phase-locked averaging technique [5] [6] [7] [8] . Gao ZhiYing, Wang JianWen and their team studied the flow field around the HAWT blade especially that on the tip by using PIV technology [9] . The Stork 5.0 WPX blade has been experimentally and numerically studied in this paper. The PIV experiment was focused on the flow structure, velocity vector, and stall features of the flow field around the blade at two featured tip speed ratio, and the results were compared with the numerical ones.
Experimental Scheme

Test Wind Turbine Model
The test rotor is constituted of 3 scaled STORK 5.0 WPX blades, with a diameter of 0.75m. It's a fixed pitch HAWT. The blade model is generated by eight airfoil sections, as shown in figure 1 . Figure. 2 shows the experiment system structure diagram.
Wind Tunnel
Experiment is carried out in the low speed wind tunnel opening experimental section of CEPE of NUAA. The diameter of experimental section is 0.9m. The maximum wind speed is 10 m/s.
Testing System
The speed of the rotor is controlled by an electric dynamometer. As shown in figure 3 , the speed meter and the strain gauge measured the real-time torque and rotating speed of the rotor, sending them to the electric dynamometer. And the electric dynamometer controls the magnetic powder brake by adjusting the current of the magnetic powder brake to maintain or change the rotor speed on demand.
PIV System
The PIV system used in this paper is produced by TSI Company (figure 4). The PIV system includes Nd:YAG200-15E laser, lens group of laser light sheet, TSI synchronizer, TSI insight 6.0 software, 2M CCD, data acquisition card, particle generator, and a computer system.
Phase Locked Trigger Device
Because wind turbine blade is rotating component and we want to measure the flow field around the rotating blade, the laser and CCD system must be triggered at the moment when the blade section is in the center of the PIV measurement section. To achieve this synchronism, a phase locked trigger device was designed (figure 5). The device is set to send a 5V TTL signal to the synchronizer when the blade rotates to a certain phase angle. Also a delay function is integrated into this device, with an adjustable delay time.
Tracer Particle
It is well known that the tracer particle is very important in the PIV experiment. Generally speaking, for the sake of obtaining a good PIV experimental result, the particle must be concentrated enough and dispersed uniformly. The feature of particle itself is also important. For example, it could follow the airflow so as to obtain the good tracing performance; therefore, it should be light and very tiny. On the other hand, in order to scatter as much light as possible, it should be large enough [10] . In the present experiment, the stage smoke is adopted as tracer particle. The smoke is generated from heating the smoke oil, a compound of water, glycerol, propylene glycol and stabilizer.
The PIV measurement system is shown in figure 6. 
Experimental Program
The wind speed is 8 m/s. By changing the rotating speed of the rotor form the maximum to zero, the characteristic line of the rotor can be obtained. Then two featured operating point are selected for the PIV measurement. To obtain the flow field around the blade, 5 sections was placed along the blade spanwise direction, S1 -S5 (as shown in figure 7) . Table 1 shows the accurate position of these 5 sections.
Figure. 
Numerical Simulation
Grid Generation and Boundary Condition
In order to further analyze the aerodynamic characteristics of the wind turbine, especially the flow structure and the characteristics of the flow field around the blade, and to obtain the details of the flow, the numerical simulation has been carried out by CFX software. The grid is generated in ICEM. The whole computational domain is shown in figure 8 . The axial length of the computational domain is 4 times the rotor diameter. Solid wall boundary diameter is 5 times the rotor diameter. Unstructured tetrahedral mesh is used in the domain. As the tetrahedral meshes exist in the majority area, the pentahedral prism meshes are adopted near the blade boundary, which meets the SST k   model's requirement of mesh in the boundary layer. As shown in figure 9 , the total element of the mesh is 1725609.
Solver and Turbulence Model Setting
The steady state is adopted in CFX-Pre. The SST k   turbulence model is used to simulate the turbulence flow. Flow field is set as rotating reference frame. Figure 10 shows the Cp-λ curves (power coefficienttip speed ratio) of the rotor model at different wind speed. Where Cp is defined as:
Calculation Results and Analysis
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As shown in the graph, with different wind speed, the Cp-λ curves are similar to each other. This is due to that the Cp-λ curve reflects the rotor's geometric characteristics. For fixed pitch wind turbine rotor, its Cp-λ curve is determined. The PIV experiment is carried out with a wind speed 8m/s. Two featured operating point are selected: λ=4(n=800rpm) and λ=9.8(n=2000rpm).
Comparison of the PIV and CFD Results
Aerodynamic Characteristics
As shown in Figure. 11, when the wind speed is 8m/s, with rotating speed increasing, the output torque increases first and then decreases. When n≥1400rpm, the numerical results are in fairly good agreement with the experimental ones, about 10% in error. However, when n<1400rpm, the difference between the numerical and experimental results is obvious.
Cp can be calculated from torque through the formula (1). Figure. 13 shows the Cp-λ curves comparison. Due to torque differences , when λ<7.4(n<1400rpm), there are also significant differences on Cp-λ curves between numerical and experimental results. When λ≥7.4, the two curves coincide very well. Figure 13 and 14 show distribution of velocity vector around the blade at λ=4 and λ=9.8, with a wind speed of 8m/s.
Flow Field Around the Blade
As shown in figure 13(a) , at λ=4, there is obvious flow separation on S1 and S2. And this separation leads to the loss of output torque. CFD resultes shown that only on S1 there is a separation area; On S2, meanwhile, there is just a low speed zone, as shown in figure 13 (b) . At λ=9.8, there is no separated flow on the 5 sections in either PIV test or CFD. One is the numerical method adopted in this paper. With low rotating speed, the local angle oa attack is relatively large, espacially at the root of the blade. Consequently there will be separated flow on the suction side of the blade. And in this case, the numerica methods which are more suitable for seprated flow would be better choices, such as unsteady method, Large Eddy Simulation Model.
The other is the influence of low Reynolds number. The linear velocity is relatively low with low rotating speed, leading to a low Renold number. When the local Renold number is lower than the critical Reynolds number, the laminar flow can not be neglect, which is much easier to develope to the separated flow. As a result, the actual loss caused by flow separation is larger than calculation, which is dealed as a full tubulence flow neglecting the transition process.
From the above, in the condation of low rotating speed, the prediction of loss by numerical simulation is lower than experiment ones. Consequently the calculated torque is higher than the actual.
Conclusion
In this paper, the flow field around a rotating turbine blade were obtained both by three-dimensional numerical simulation and PIV experimental measurements. Through analysis and comparison, the following conclusions were obtained:
(1) With 8 m/s wind speed, when λ≥7.4, the test torques and C P accord well with the calculated values; When λ<7.4, both are lower than that numerical results.
(2) Comparing the distributions of velocity vector on PIV test sections with CFD results, it is found that: When λ=4, there are obvious flow separations on sections S1 and S2, which locate closer to the root of the blade; however only section S1 has separate field through calculation. (3) When λ=9.8, neither PIV nor CFD result shows there is any separated flow around the blade. EXP CFD (4) For low rotating speed conditions, to simulate the separated flow, unsteady calculation methods should be adopted and maybe the transition model should be taken into consideration.
